Development of a duplex one-step RT-qPCR assay for the simultaneous detection of Apple scar skin viroid and plant RNA internal control  by Khan, Subuhi et al.
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a  b  s  t  r  a  c  t
Apple  scar  skin  viroid  (ASSVd)  is an important  quarantine  pathogen  for international  movement  of  pome
germplasm  as it  can  cause  signiﬁcant  damage  to pip  fruit. A one-step  real-time  RT-PCR  assay  was  devel-
oped  for  the  rapid  and  sensitive  detection  of ASSVd.  The  assay  was able  to detect  a wide  range  of  ASSVd
isolates  and  was  highly  speciﬁc  compared  to a published  conventional  RT-PCR.  The  detection  limit  of  theeywords:
pple scar skin viroid
SSVd
eal-time RT-PCR, RT-qPCR
uarantine
new  assay  was estimated  to be about  100  copies  of  the ASSVd  target.  The  assay  can  be run  as  a  duplex
with  the  nad5  internal  control  primers  and  probe  to  simultaneously  check  the  PCR  competency  of  the
samples  therefore  reducing  the  risk  of false  negatives.  It is expected  that  this  real-time  RT-PCR  assay  will
facilitate  efﬁcient  testing  for ASSVd  by regulatory  services,  and  will  also  have  a  wider  use  for  the general
detection  of  ASSVd  in a range  of  pip  fruit.
Crown Copyright  © 2015 Published  by Elsevier  B.V.  This  is an open  access  article  under  the  CC  BY. Introduction
Viroids are infectious agents with small genomes (246–401 nt),
onsisting of single-stranded, circular, non-coding RNA molecules,
hat induce diseases in many economically important crops
Diener, 2001). Viroids have been classiﬁed into two  families,
ospiviroidae and Avsunviroidae based on their biochemical, bio-
ogical and structural properties. The members of Pospiviroidae and
vsunviroidae,  replicate in the nucleus and chloroplast, respectively
Flores et al., 2005). Apple scar skin viroid (ASSVd) is the type species
f the genus Apscaviroid (family Pospiviroidae). This 330 nt long
iroid induces serious diseases on pome fruit trees, such as apple
car skin, dapple apple (Hadidi et al., 1990), pear rusty skin (Chen
t al., 1987) and pear dimple fruit (Osaki et al., 1996) in Europe, Asia
nd North America (Hashimoto and Koganezawa, 1987).
ASSVd infection results in reduced yield and quality of fruit
roduced. The spread of ASSVd is reported to be through seed,
rafting and contaminated equipment. Seedlings germinated from
SSVd-positive seeds have been shown to have a 7.7% infection
ate (Hyun et al., 2006). The symptoms caused by ASSVd infections
re generally restricted to fruit and include colour dappling, crack-
ng, scarring and distortion depending upon the cultivar and the
∗ Corresponding author. Tel.: +64 9 909 5716.
E-mail address: lisa.ward@mpi.govt.nz (L. Ward).
ttp://dx.doi.org/10.1016/j.jviromet.2015.04.032
166-0934/Crown Copyright © 2015 Published by Elsevier B.V. This is an open access artlicense (http://creativecommons.org/licenses/by/4.0/).
severity of symptoms usually increases with fruit ripening (Walia
et al., 2009).
ASSVd is not known to be present in New Zealand, and therefore
Malus (apple) and Pyrus (pear) nursery stock and seed for sowing
entering the country must be grown in a post-entry quarantine
glasshouse where they are inspected and tested for regulated pests
and pathogens. ASSVd is likely to have a moderate to high impact
on the pip fruit industry in New Zealand as any incursion would
disrupt trade and exports (MPI, 2012). For phytosanitary testing of
Malus and Pyrus plants in post-entry quarantine, it would be ben-
eﬁcial to have a quick, sensitive and reliable method of detecting
ASSVd. Detection methods based on biological indexing by grafting
onto woody indicators is expensive for importers, indicators plants
may  take up to 5 years to develop symptoms and the results can
be greatly affected by environmental conditions (Desvignes et al.,
1999). For optimum symptom expression, woody indexing needs
to be carried out in the ﬁeld, which therefore increases the chances
of accidental spread of any pathogens present (Lin et al., 2012).
Furthermore, biological indexing is resource intensive, especially
when dealing with large numbers of samples.
As viroids do not code for any peptide or protein (Diener,
2001), detection based on serological techniques is not possible.
Nucleic acid-based detection techniques such as dot blot hybridisa-
tion (Owens and Diener, 1981) with radioactive or non-radioactive
probes (Astruc et al., 1996) have been used for reliable detection
of ASSVd in fruit trees (Hassen et al., 2006), but such tests are not
icle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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ighly sensitive and cannot be used if low concentrations of ASSVd
re present in infected samples (Hadidi and Yang, 1990).
Reverse-transcription polymerase chain reaction (RT-PCR)
ased tests have been developed for more sensitive detection of
iroids infecting pome fruits (Hadidi and Yang, 1990). Currently,
he New Zealand Ministry for Primary Industries (MPI) uses con-
entional RT-PCR based on the primers, AS-37 and ADAS-36 for
outine testing of ASSVd (Di Serio et al., 2002). However, our expe-
ience with this assay has determined that these primers are not
peciﬁc to ASSVd and numerous plant-related fragments are also
mpliﬁed thereby confounding the results. Also, the sequences of
dditional ASSVd isolates have recently become available. The in
ilico analysis of these primers with the new sequences shows that
hey are unlikely to detect all isolates of ASSVd and as such could be
nreliable for quarantine testing. Real-time PCR is often the method
f choice for highly sensitive and fast detection and quantiﬁca-
ion of target organisms. Recently, quantitative real-time RT-PCR
RT-qPCR) has been used for detection of some viroids (Luigi and
aggioli, 2011). However, a RT-qPCR is not yet available for ASSVd.
or this study, dual-labelled hydrolysis (TaqMan®) probes are used,
n which a single-stranded oligonucleotide is labelled with two  dif-
erent dyes. Dual-labelled hydrolysis probes were selected because
f the ease of designing these probes, the ability to duplex with
n internal control and their typically higher sensitivity and speci-
city. In this study, a rapid and highly sensitive one-step RT-qPCR
ssay was developed and validated for simultaneous detection of
SSVd and a plant RNA internal control.
. Materials and methods
.1. Sources of plant material and RNA extraction
The ASSVd isolates used in this study are shown in Table 1.
otal RNA was extracted from plant material (200 mg)  using an
nviMag Plant DNA Mini Kit (Invitek GmbH, Berlin, Germany) and a
ingﬁsher mL  workstation (Thermo Scientiﬁc, Waltham, MA,  USA).
.2. Primers and probes used in this studyThe primers and hydrolysis probes for the assay were man-
ally selected based on the multiple sequence alignment of 128
SSVd sequences obtained from the GenBank database and 12 full
enome sequences of ASSVd isolates used in this study (Table 1).
able 1
ist of different ASSVd isolates, non-target pathogens and healthy host plants used in this
Viroid/Virus Isolate Host 
ASSVd Unknown Malus domesti
ASSVd Unknown Malus domesti
ASSVd PK13-LC11-13E Malus domesti
ASSVd  X4843-LC11-13I Malus domesti
ASSVd X4533-LC11-14A Malus domesti
ASSVd X259-LC11-17I Malus domesti
ASSVd Unknown Malus domesti
ASSVd  3019-A Malus domesti
ASSVd 3021-A Malus domesti
ASSVd 3025-A Malus domesti
ASSVd 3026-A Malus domesti
ASSVd 3505-A Pyrus sp.
Apple stem grooving virus Unknown Malus 
Citrus exocortis viroid Unknown Citrus 
Grapevine yellow speckle viroid-1 Unknown Vitis vinifera 
Hop  latent viroid Unknown Humulus lupul
Hop  stunt viroid Unknown Humulus lupul
Pear  blister canker viroid Unknown Pyrus commun
N/A  N/A Healthy Pyrus 
N/A  N/A Healthy MalusMethods 221 (2015) 100–105 101
From this alignment, the following two forward primers, three
probes and one reverse primer were designed and synthesised
(Biosearch Technologies, Novato, USA): ASSVd-119F, ASSVd-198F,
ASSVd-221P, ASSVd-237P, ASSVd-P2 and ASSVd-263R (Table 2)
to amplify a ∼141 bp fragment of the ASSVd genome. For the
RNA internal control ampliﬁcation, primers NAD5-TM-F and NAD5-
TM-R (Mackay, unpublished) modiﬁed from the published nad5
internal control primers (Menzel et al., 2002) and probe (NAD5-
P) (Botermans et al., 2013) were used in this study as given
in Table 2. These primers are shorter than the original primers
in order to decrease the melting temperature (Tm) and make
them more appropriate to a hydrolysis probe assay. Earlier work
demonstrated better ampliﬁcation with these modiﬁed primers
compared to the original ones (Mackay, unpublished data). ASSVd
probes (ASSVd-221P and ASSVd-237P) were labelled with FAM
at the 5′ end and BHQ1 quencher at the 3′ end. ASSVd-P2 was
also a dual-labelled hydrolysis probe but utilised BHQplus tech-
nology (Biosearch Technologies, Novato, USA) with FAM at the
5′ end and BHQplus quencher at the 3′ end. BHQplus stabilis-
ing technology allowed the use of the shorter probe sequence of
ASSVd-P2 (16 bp) while maintaining appropriate Tm for use as a
hydrolysis probe. For nad5 internal control probe, the 5′ end was
labelled with CAL Fluor Red 610 and BHQ2 quencher at the 3′
end.
2.3. Testing primer and probe combinations
Primers and probes were tested using cDNA prepared from
RNA extracted from the ASSVd-Japanese Malus isolate. cDNA was
prepared using qScriptTM cDNA Supermix (Quanta BioSciences)
and 5 l RNA according to the manufacturer’s instructions. The
cDNA was serially diluted and real-time assay trials were car-
ried out to determine the best primer/probe combination, initially
using combinations of the forward and reverse primers at 300 nM
with 150 nM of either probe ASSVd-221P, ASSVd-237P or ASSVd-
P2. Real-time PCR was performed using Perfecta qPCR ToughMix
(Quanta BioSciences) using the following cycling conditions: initial
denaturation at 95 ◦C for 3 min, followed by 45 cycles of denatur-
ation at 95 ◦C for 5 s and annealing and extension at 60 ◦C for 20 s.
The best primer-probe combination was  selected based on the reac-
tion giving lowest Cq value with the highest ﬂuorescent yields.
For this initial assessment, the best primer-probe combination
was found to be ASSVd-119F, ASSVd-263R and probe ASSVd-P2.
 study.
Source
ca Teruo Sano, Hirosaki University, Japan
ca Canadian Food Inspection Agency (CFIA), Canada via Plant and
Food Research, New Zealand
ca
Brans Yoann, Centre Technique Interprofessionnel des Fruits et
Légumes (CTIFL), France
ca
ca
ca
ca Margarita Bateman, U.S. Department of Agriculture (USDA), USA
ca
Gary Kinard, USDA, USA
ca
ca
ca
MPI  collection, Auckland, New Zealand
USA
Masterton, New Zealand
us
Ken Eastwell, Washington State University, USA
us
is CFIA, Canada
MPI  collection, Auckland, New Zealand
 MPI  collection, Auckland, New Zealand
102 S. Khan et al. / Journal of Virological Methods 221 (2015) 100–105
Table 2
Primers and probes used in this study. The primer and probe sequences in bold font are those used in the ﬁnal optimised duplex one-step RT-qPCR assay.
Primer/Probe Sequence (5′-3′) Concentration used (nM) Reference
ASSVd-119F SAAAGGAGCTGCCAGCA 450 This study
ASSVd-198F GGTGTTGAGGCCCTG 450 This study
ASSVd-221P FAM-CTGCGCTGCCACCTACTCT-BHQ1 150 This study
ASSVd-237P FAM-AGAGTAGGTGGCAGCGCAGC-BHQ1 150 This study
ASSVd-P2 FAM-TGTTGAGGCCTGYCYG-BHQplus 150 This study
ASSVd-263R GGAGTCCGCTCGACT 500 This study
NAD5-TM-F GCTTCTTGGGGCTTCTTGTT 150 Mackay, unpublished
NAD5-TM-R CCAGTCACCAACATTGGCATAA 200 Mackay, unpublished
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wNAD5-P Cal Red 610-AGGATCCGCATAGCCCTCGATTTATGTG-
AS-37 CGGTGACAAAGGAGCTGCCAG 
ADAS-36 GCCTTCGTCGACGACGACAG 
ptimisation and speciﬁcity experiments (see Sections 2.4 and 2.5)
ere done using this combination of primers and probe.
.4. Reaction optimisation
For the one-step ASSVd assay, a primer titration experiment was
arried out to test a range of primer concentrations from 300 nM
nd 550 nM,  which means that an increasing amount of either of
wo primers was added to a series of reaction tubes, using a constant
robe concentration of 150 nM and a constant RNA concentra-
ion. Different concentrations of ASSVd-P2 probe were also tested
etween 100 nM and 250 nM.  For the nad5 primers, concentrations
anging from 50 nM to 200 nM were tested for both forward and
everse primers, using a constant probe concentration (150 nM).
n order to prevent low ASSVd ampliﬁcation being outcompeted by
igh levels of internal control, NAD-BLOCK (dnature, New Zealand),
n amplicon-speciﬁc reagent that delays internal control ampliﬁ-
ation, was trialled. NAD-BLOCK concentration was optimised by
unning the ASSVd and nad5 duplex RT-qPCR with varying con-
entrations of NAD-BLOCK (0 nM to 300 nM). The Cq values and
tandard curves for ASSVd simplex and (ASSVd and nad5) duplex
as also compared to determine the effect of nad5 primers on the
fﬁciency and limit of detection of ASSVd primers.
The performance of qScriptTM XLT One-Step RT-qPCR
oughMix® (Quanta BioSciences) was compared with the
uperscriptTM III Platinum® One-Step Quantitative RT-PCR System
Life Technologies). Each system was tested using 10 l and 20 l
CR reactions in both simplex and duplex RT-qPCR formats. The
nal optimised RT-qPCR reaction mixture contained: 5 l Quanta
LT one-step ToughMix, ASSVd 119F primer, ASSVd 263R primer,
SSVd-P2 probe, NAD5-TM-F primer, NAD5-TM-R primer, NAD5
robe at the concentrations shown in Table 2, 150 nM NAD-BLOCK
nd 2 l RNA template, in a ﬁnal reaction volume of 10 l. The
ollowing thermal cycling conditions were used: reverse tran-
cription at 50 ◦C for 10 min, initial denaturation at 95 ◦C for 2 min,
ollowed by 40 cycles of 95 ◦C for 10 s, and 60 ◦C for 20 s. Initial
ssessment and optimisation reactions were performed on an Eco
eal-time PCR system (Illumina) while subsequent testing and
ptimisation of the ASSVd-P2 probe were run on a CFX96 real-time
hermocycler (Bio-Rad, Hercules, CA, USA).
.5. Speciﬁcity and robustness
The speciﬁcity of the optimised ASSVd and nad5 duplex assay
as tested against a range of RNA samples extracted from ASSVd
nd other viroid and virus infected plant tissue, as well as RNA
xtracted from healthy plant hosts (Table 1). The ASSVd and nad5
uplex assay was tested on 12 different isolates of ASSVd obtained
rom different countries. In addition, three artiﬁcial templates
ere designed based on the sequence of GenBank accession num-
ers EU031470, HQ326087 and M36646 (Table 4) as real isolates
ere unavailable. These ASSVd sequences have mismatches to the150 Botermans et al. (2013)
250 Di Serio et al. (2002)
250 Di Serio et al. (2002)
forward primer, reverse primer and probe sequences (HQ326087,
EU31470 and M36646, respectively) in a critical region that may
affect their binding and so it was  important that these were tested
in vitro. These artiﬁcial templates were synthesised by Integrated
DNA Technologies (Singapore) and were tested at a range of differ-
ent working concentrations (1 ng/l to 0.0001 pg/l). All samples
were tested in duplicate, and sample threshold, baseline values
and reaction efﬁciency values were calculated automatically by
the CFX96 manager software (Bio-Rad). Samples with a threshold
quantiﬁcation cycle (Cq) value greater than 35 were considered
negative.
2.6. Sensitivity
An RT-PCR product was  generated from an ASSVd isolate (from
CFIA via Plant and Food Research) using the Di Serio et al. (2002)
conventional PCR primers; the product was cloned using the TOPO
TA Cloning kit (Life Technologies) following the manufacturer’s
protocol. Plasmid DNA was extracted using the Wizard® Plus SV
Minipreps DNA Puriﬁcation System (Promega) following the man-
ufacturer’s protocol. The plasmid DNA concentration was  measured
on a NanoDrop® ND-1000 spectrophotometer (Thermo Scientiﬁc).
The DNA was  adjusted to 107 copies/l and was serially diluted
ten-fold in RNA extracted from healthy Malus tissue to account
for any inhibitors present in host plants. Similarly, total RNA
(188 ng/l) extracted from the same ASSVd isolate was serially
diluted ten-fold (10−1 to 10−7) in RNA extracted from healthy Malus
tissue.
The sensitivity and limit of detection of the real-time assay
was determined by testing the serially diluted ASSVd plasmid and
ASSVd RNA in duplicate wells. Samples with a Cq value greater than
35 were ignored as these were unreliable on weak positive samples.
2.7. Comparison to conventional ASSVd RT-PCR assay
The sensitivity, speciﬁcity and reliability of the RT-qPCR assay
described here was compared with the published conventional
ASSVd RT-PCR assay (Di Serio et al., 2002) which is the current
method used for testing plants in quarantine in New Zealand. The
published reaction conditions were used for the conventional RT-
PCR.
3. Results
3.1. Primer design
cDNA made from the Japanese ASSVd isolate was serially diluted
and tested as a two-step RT-qPCR using different combinations of
primers and probes. The initial comparisons of forward primers
(ASSVd-119F and ASSVd-198F), probes (ASSVd-221P, ASSVd-237P
and ASSVd-P2) and the reverse primer (ASSVd-263R) showed that
S. Khan et al. / Journal of Virological Methods 221 (2015) 100–105 103
Table  3
Comparisons of the standard curves of a 10-fold serial dilution of ASSVd-Japanese isolate RNA ampliﬁed by a simplex RT-qPCR, duplex RT-qPCR and duplex RT-qPCR with
NAD5-Block. The Cq values obtained are an average of two replicates.
Sample dilution ASSVd simplex ASSVd and NAD5 duplex ASSVd and NAD5 duplex with
150 nM NAD-BLOCK
ASSVd ASSVd NAD5 ASSVd NAD5
ASSVd 10−1 25.08 25.26 16.18 24.73 21.22
ASSVd 10−2 28.84 28.74 16.10 28.36 21.23
ASSVd 10−3 32.09 32.16 16.40 31.64 21.51
ASSVd 10−4 36.00 36.31 16.39 35.40 21.54
ASSVd 10−5 0 0 16.56 0 21.82
ASSVd 10−6 0 0 15.66 0 20.77
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here was no signiﬁcant difference in the performance of both
orward primers. Therefore, either of the forward primers could
e used for the assay. Comparison of the two probe sequences
ASSVd-221P and ASSVd-237P) showed that the ASSVd-237P probe
roduced slightly better and earlier ampliﬁcation than probe
SSVd-221P. Further comparison of ASSVd-237P and ASSVd-P2
howed that both probes were comparable when tested under opti-
al  reaction conditions. All ASSVd isolates listed in Table 1 were
uccessfully ampliﬁed with the initial optimised duplex ASSVd
ssay using the ASSVd-237P probe, with the exception of ASSVd iso-
ate 3026A (data not shown). Sequence analysis of this isolate with
he ASSVd primers and probe showed the presence of an insertion
nd a deletion at the ASSVd-237P probe binding site. The ability of
he forward and reverse primers to amplify ASSVd-3026A was  fur-
her investigated by running a SYBR Green one-step RT-qPCR assay.
he results show that the ASSVd primers were able to amplify all
he tested ASSVd isolates, including ASSVd-3026A. However, it was
bserved that the melt peak for ASSVd-3026A was  distinct from
he melt peaks observed for other ASSVd isolates (data not shown).
ased on these results, it was concluded that ASSVd-237P probe
ould not be reliably used for detection of all the ASSVd isolates. In
ontrast, the ASSVd-P2 probe was able to detect all the ASSVd iso-
ates including ASSVd-3026A (data not shown). Therefore, based on
hese comparisons the following primers/probe combination was
elected for ASSVd assay optimisation: ASSVd-119F, ASSVd-263R
nd ASSVd-P2.
.2. Optimisation of RT-qPCR conditions
The RT-qPCR assay was optimised using the selected ASSVd
rimer/probe combination (ASSVd-119F, ASSVd-263R and ASSVd-
2) and the modiﬁed Nad5 primers and previously published probe.
he serially diluted ASSVd RNA was used for the titration experi-
ents. The results for the primer titrations showed that the optimal
oncentration for the forward and reverse primers was  450 nM
nd 500 nM,  respectively. Similarly, the results for nad5 primer
itrations showed that the optimal working concentration for the
orward and reverse primers was 150 nM and 200 nM,  respectively.
he results also showed that the optimal concentration for both the
SSVd-P2 probe and the nad5 probe was 150 nM. Increasing levels
f internal control probe made little difference to the Cq values and
hese optimal primer and probe concentrations were then used to
est ASSVd and nad5 duplex
The ASSVd and nad5 duplex run was carried out with a titration
f NAD-BLOCK to delay internal control ampliﬁcation and prevent
ow titre ASSVd ampliﬁcation being outcompeted by the high levels
f internal control. Previous data showed that simply using less
ad5 primers did not delay the internal control sufﬁciently (results
ot shown). The results show that the use of 150 nM of NAD-BLOCK
mproved the low level detection of ASSVd as replicates showed
uch better reproducibility amplifying ∼1 cycle earlier at the low16.40 0 21.40
copy number and had no signiﬁcant effect at higher viroid levels
(Table 3). The standard curves and Cq values obtained for ASSVd
simplex and ASSVd and nad5 duplex were compared and results
show that adding nad5 internal control assay in the reaction do not
have any signiﬁcant effect on the efﬁciency and limit of detection
of the ASSVd reaction (Table 3).
Results comparing the efﬁciency of qScriptTM XLT One-Step
RT-qPCR ToughMix® (Quanta BioSciences) with the SuperscriptTM
III Platinum® One-Step Quantitative RT-PCR System (Life Tech-
nologies) showed that XLT ToughMix enabled signiﬁcantly earlier
detection (about 12 cycles) of ASSVd samples and gave higher ﬂu-
orescence signal in comparison to the Invitrogen SuperscriptTM III
mix  (data not shown). There was  no signiﬁcant difference in the Cq
values obtained between 10 l and 20 l reaction volumes with XLT
ToughMix (data not shown), therefore, the assay could be run with
either reaction volume on our instrument platforms. In this study
we used Quanta qScriptTM XLT One-Step RT-qPCR ToughMix® at a
ﬁnal reaction volume of 10 l and 2 l of RNA template. It should
be noted that other instruments may  require different reaction vol-
umes.
3.3. Assay speciﬁcity and robustness
The robustness and speciﬁcity of the assay was tested by using
three artiﬁcial templates designed from ASSVd isolates (GenBank
accession numbers: EU031470, HQ326087 and M36646) that show
variation at the primer/probe binding site (Table 4). The results
show that the assay could detect these artiﬁcial isolates despite
the nucleotide mismatches at the primer/probe binding site; the
artiﬁcial isolates were detected down to a dilution of 0.01 pg/l of
template (data not shown). The sequence mismatches were present
either at degenerate positions in the probe or at positions which are
likely to interfere with the primer or probe binding ability (Table 4).
Therefore, it is expected that other ASSVd isolates with similar
nucleotide mismatches would also be detected.
The speciﬁcity of the RT-qPCR assay was compared to the pre-
viously published conventional PCR assay (Di Serio et al., 2002)
The result shows that the conventional PCR assay could effec-
tively detect all the ASSVd isolates that were tested; however,
multiple non-speciﬁc products were also ampliﬁed from the host
genome (Fig. 1). Thus it can be concluded that the conventional
PCR primers are not highly speciﬁc and could give false positives or
negatives.
3.4. Assay sensitivity
The RT-qPCR assay was  able to detect serially diluted RNA from
ASSVd isolate (sourced from CFIA via Plant and Food Research)
down to a dilution of 10−3 with an average Cq value of 32.12. The
assay was also able to efﬁciently detect serially diluted ASSVd-
plasmid (107 to 1 copies/l) down to a dilution of 100 copies of
104 S. Khan et al. / Journal of Virological Methods 221 (2015) 100–105
Table 4
Multiple sequence alignment of the published ASSVd sequences showing the mismatches with the primers and probe designed and RT-qPCR results for different ASSVd
isolates tested in this study. Only SNPs present in the alignment are shown where (−) indicates 100% nucleotide identity with the primer/probe sequence.
Accession/ 
isolatea no.
Forward primer
SAAAGGAGCTGCCAGCA
Probe
TGTTGAGGCCCTGYCYG
Reverse primer
AGTCGAGCGGACTCC
RT-qPCR 
res ultc
PK13-LC11-13 E C---------------- -------------T-C- --------------- +
X4843-LC11-13I C--------------- - ------------ -T-C- -------------- - +
X453 3-LC11-14A C--------------- - ------------ -T-C- -------------- - +
X259-LC11-17 I C---------------- -------------T-C- --------------- +
Unkn own-US DA
Unknown-CFIA
Unknown-Japan
3019-A
C----------------
CG--- -CA-------- -
G--------A----C--
G------ -TA--- -C--
-------------T-C-
-------------T-C-
-------------T-C-
-------------T-C-
---------------
---------------
---------------
---------------
+
+
+
+
3021-A C--------------- - ------------ -T-C- -------------- - +
3025-A C---------------- -------------T-C- --------------- +
3026-A C---------------- -------------T-C- -------------A- +
3505-A C--------------- - ------------ -T-C- -------------- - +
EU031470b G---------------- -------------T-C- GA------------- +
HQ326087b G-------------C-- -------------T-C- --------------- +
M36646b C--------------- - --C--------- -T-C- ----- -C------- - +
FJ9 7406 3 C--------------- - ------------ -C-C- -------------- - NT
FJ9 7406 4 C--------- -T---- - ------------ -T-C- -------------- - NT
FJ974067 C--------------- - ------------ -C-C- -------------- - NT
FJ9 7407 2 C------- -A------ - ------------ -T-C- -------------- - NT
FJ9 7407 0 C--------------- - ------------ -T-T- -------------- - NT
FJ9 7410 2 G-TT------------ - ------------ -T-C- -------------- - NT
FM2081 38 G-- -C----------- - ------------ -T-C- -------------- - NT
FN376409 C--------------- - ------------ -C-C- -------------- - NT
FN669529 G------ -A------- - ------------ -T-C- -C------------ - NT
HG764201 GC-------------- - ------------ -T-C- -------------- - NT
HQ840722 G--------- -T---- - ------------ -T-C- -------------- - NT
JX861258 G--------------- - ------------ -T-C- ------------ -A- NT
a The source of the isolate is provided in Table 1.
b Represents the sequences used for the artiﬁcial templates.
c + Represents ASSVd isolates that tested positive and NT indicates those isolates not tested in this study.
F  1–10
A A, ASS
H ct pro
t
s
R
2
F
cig. 1. Ampliﬁcation of the target RNA fragments of ASSVd by RT-PCR where Lanes
SSVd-X259LC11-17I, ASSVd-Unknown, ASSVd-3019A, ASSVd-3021A, ASSVd-3025
ealthy Malus RNA and positive control, respectively. The arrow indicates the corre
he ASSVd target region with an average Cq value of 31.3 (data not
hown). A comparison was made between the sensitivity of the
T-qPCR assay and the conventional ASSVd RT-PCR (Di Serio et al.,
002). The result shows that the conventional PCR has the same
ig. 2. Ampliﬁcation of target RNA fragments of serially diluted ASSVd (sourced from CF
ontrol; and H-healthy plant RNA. The arrow indicates the correct product size. represents: ASSVd-PK13LC11-13E, ASSVd-X4843LC11-13I, ASSVd-4533LC11-14A,
Vd-3026A, ASSVd-3505A, respectively. NTC, H and PC refer to No template control,
duct size.
level of sensitivity as the RT-qPCR; however, as mentioned before
multiple non-speciﬁc products were ampliﬁed in the conventional
PCR and therefore results obtained from this conventional PCR can-
not be considered as reliable (Fig. 2).
IA, Canada via Plant and Food Research). U-undiluted template; NTC-no template
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. Discussion
ASSVd is a regulated plant pathogen in New Zealand and its
stablishment in New Zealand would have a signiﬁcant impact on
he pip fruit industry. It was therefore necessary to develop a quick,
eliable and sensitive method for ASSVd detection. Because of the
ifﬁculties of using biological indexing and microscopic or sero-
ogical tests for detecting viroids, there is a reliance on molecular
est methods to provide a more speciﬁc and sensitive approach for
etection of ASSVd. At present, the most widely used molecular
ssay for the detection of ASSVd is the conventional RT-PCR devel-
ped by Di Serio et al. (2002). However, our study shows that this
onventional RT-PCR assay lacks speciﬁcity for ASSVd detection.
t was observed that the conventional RT-PCR consistently ampli-
es non-speciﬁc plant RNA which can result in false positive or
egatives. Many of these problems can be overcome by using a real-
ime hydrolysis probe-based assay (Mumford et al., 2000). The main
dvantage of this format is the typically increased sensitivity, the
losed tube format reducing amplicon contamination possibility
nd the reduced risk of false positives because of the speciﬁcity of
he chemistry (Boonham et al., 2004). The ASSVd hydrolysis probe
ssay we designed was able to detect serially diluted ASSVd down
o a dilution of 10−3 which equates to approximately 100 copies of
SSVd template per reaction. This shows that the assay is highly
ensitive for detecting low level ASSVd infections and signiﬁcantly
educes the risk of false negatives.
The new real-time PCR assay was able to detect a number of
SSVd isolates sourced from different locations around the world.
he RT-qPCR was also able to detect the three artiﬁcial templates
esigned to account for variability present at the primers/probe
inding sites among different ASSVd isolates. Based on the in-silico
nalysis of the real-time primers and probe sequences with all the
vailable ASSVd sequences (128 sequences from the public domain
nd 12 sequences from this study) it can be predicted that this
ew assay will be able to detect all the ASSVd isolates that have
een sequenced to date. These results show that the new RT-qPCR
ssay will be a highly speciﬁc and robust method for routine ASSVd
etection.
During the development of this assay, several parameters were
xamined and tested such as optimal primer/probe concentrations,
omparison between two RT-qPCR master mixes, and optimal reac-
ion volumes (i.e. 10 l vs. 20 l). Firstly, the optimal working
oncentrations for ASSVd and nad5 primers were examined by run-
ing a primer titration experiment using the serially diluted ASSVd
emplate. For both primer pairs, the earliest ampliﬁcation curve
as chosen to determine the optimal primer concentrations. It has
een shown in several studies that the real-time assays can be eas-
ly multiplexed with the internal control as all the primer/probe
ombinations run under generic conditions and it is easier to opti-
ise multiplex assays to avoid competitive effects (Boonham et al.,
004). However without sufﬁcient optimisation, target detection in
 duplex may  offer lower analytical sensitivity (Papayiannis et al.,
011). The use of nad5 internal control within the same assay
aves time and lab consumables. Our results recommend using NAD
LOCK in the reaction to decrease internal control ampliﬁcation
hereby preventing low ASSVd ampliﬁcation being outcompeted
y a high amount of nad5 internal control.
The study also showed that Quanta qScriptTM XLT One-Step
T-qPCR ToughMix® (Quanta Biosciences, Gaithersburg, MD,  USA)
erformed better than Superscript TM III Platinum® One-Step Quan-
itative RT-PCR System (Life Technologies, USA) by giving earlier
mpliﬁcations (lower Cq) and higher ﬂuorescence. The results show
hat a comparison of different master mixes when developing an
ssay should always be considered as this can have a critical affect
n assay performance, depending on the sample matrix, extraction
ethod and amplicon sequence.Methods 221 (2015) 100–105 105
In comparison to conventional PCR assays, the real-time assay is
a closed-tube system which does not require any post-PCR manipu-
lations such as agarose gel electrophoresis, this helps to reduce the
risk of cross contamination between samples. This RT-qPCR assay
would enable the quick, reliable and highly sensitive screening of
large number of samples and will prove to be an effective assay for
rapid and accurate detection of ASSVd.
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